Background and purpose. Mental practice (MP), which involves cognitive rehearsal of physical movements, is a noninvasive, inexpensive method of enabling repetitive, task-specific practice (RTP). Recent, randomized controlled data suggest that MP, when combined with an RTP therapy program, increases affected arm use and function significantly more than RTP only. As a next step, this 10-subject case series examined the possibility that cortical plasticity is a mechanism underlying the treatment effect of MP when combined with RTP. Method. Ten chronic stroke patients (mean = 36.7 months) exhibiting stable, moderate motor deficits received 30-minute therapy sessions for their affected arms, occurring 3 days/week for 10 weeks, and emphasizing valued activities of daily living (ADLs). Directly after therapy, subjects received 30-minute MP sessions, which required MP of the ADLs performed during therapy. Behavioral outcomes were blindly evaluated using the Action Research Arm Test (ARAT) and the Fugl-Meyer Assessment (FM). Functional magnetic resonance imaging (fMRI) was administered before and after intervention to assess cortical changes. Results. Before intervention, subjects exhibited stable motor deficits. After intervention, subjects exhibited ARAT and FM score increases (+5.3 and +4.2, respectively) and clinically significant gains in ADLs. Postintervention fMRI revealed significant increases in activation to wrist flexion and extension of the affected hand in the premotor area and primary motor cortex ipsilateral and contralateral to the affected hand, as well as in superior parietal cortex ipsilateral to the affected hand. Decreased activation was noted in parietal cortex of the hemisphere ipsilateral to the affected hand. These changes correlated with anatomical regions in which behavioral changes were observed in the ARAT and FM. Conclusions. MP is an easy to use, cost-effective strategy that was again shown to improve affected arm outcomes after stroke. This is the first study to demonstrate alteration in the cortical map in response to MP training.
D eclining stroke mortality and stable stroke incidence 1 have increased the prevalence of stroke survivors exhibiting motor deficits. Yet despite billions of dollars spent annually on stroke motor rehabilitation, 2 and the widely appreciated impact of hemiparesis, conventional rehabilitation strategies for the affected upper extremity may have a negligible functional impact. 3 Newer rehabilitative approaches emphasize repetitive, task-specific practice (RTP) with the affected arm. Some of these RTP programs require participation in high-duration therapy sessions. 4 Other strategies incorporate mechanized approaches to administer RTP, [5] [6] [7] or use implanted devices to augment or facilitate RTP. 8, 9 Although promising, these approaches are constrained by requiring particular equipment to administer, they can be intensive and/or taxing for the patient and therapist, and some are invasive. Many strategies and devices inherent in the above approaches are also costly and not reimbursed by insurance. Thus, there remains a need for efficacious, easily implemented, inexpensive, noninvasive RTP approaches for arm hemiparesis.
Mental practice (MP) is a noninvasive, inexpensive RTP technique in which physical skills and/or scenarios are cognitively rehearsed. The same musculature and neural structures are activated during MP as during physical practice of the same task. 10, 11 Consequently, MP has been efficaciously applied as a strategy to enable repetitive practice and skill learning, including for the affected arm after stroke. [12] [13] [14] [15] [16] Despite its clinical promise, only 2 small studies have examined MP mechanisms when combined with RTP in stroke; one group 17 has suggested that M1 and the orbitofrontal cortex are implicated in motor skill relearning of the affected leg following mental practice. The other case study 18 examined possible association with affected arm RTP. The patient showed increased bilateral cortical activation in both the motor and premotor areas, again including M1. However, the MP was combined with a highduration affected arm therapy regimen that is impractical in many clinical contexts. Thus, the neural substrates of MP combined with an affected arm RTP program that is analogous to regular clinical care remain unknown.
Given its promise in stroke, our overall goal was to understand possible MP + RTP mechanisms of action in preparation for a larger trial. Using high-field, functional magnetic resonance imaging (fMRI), the current study examined the impact of a MP + RTP regimen on cortical organization patterns in stroke. Whereas mere repetitive limb use does not produce cortical changes, 19 we hypothesized that a program encouraging skill learning via RTP and MP would elicit changes in cortical output maps corresponding to subjects' affected hands, arms, and finger regions. We also hypothesized that neural changes would be accompanied by decreases in affected limb functional limitation and impairment, which would conspire to improve movement performance. To our knowledge, this is the first study to examine cortical changes following a clinically based MP + RTP program for the affected arm.
Method Subjects
Study criteria were based on those used by Page et al 15 in their recent, positive MP trial. Volunteers were recruited using advertisements placed in rehabilitative clinics in the Midwestern United States. A research team member screened volunteers using the following inclusion criteria from previous MP research: (1) history of no more than one stroke; (2) ability to actively flex at least 10° from neutral at the affected wrist and the metacarpophalangeal and interphalangeal joints of 2 digits; (3) stroke experienced >6 months prior to study enrollment; (4) a score >69 on the Modified Mini Mental Status Examination; 20 and (5) age between 18 and 80 years. We also applied the following exclusion criteria: (1) excessive spasticity, defined as a score of >3 on the Modified Ashworth Spasticity Scale; 21 (2) excessive pain in the affected arm, as measured by a score of >4 on a 10-point visual analog scale; (3) still enrolled in any form of physical rehabilitation; and (4) participating in any experimental rehabilitation or drug studies.
Using the above inclusion/exclusion criteria, 10 patients were found eligible and agreed to participate (5 males; mean age = 56.5 ± 11.6 years, age range 37 to 69 years; mean time since stroke onset = 36.7 months ± 34.0, range of onset = 10 to 115 months; 8 subjects with right hemiparesis).
Outcome Measures
The current study's MP and RTP regimens primarily targeted functional limitation. Thus, we administered the Action Research Arm Test (ARAT), 22 which has measured MP-induced changes in functional limitation. 14, 15 The ARAT is a 19-item test divided into 4 categories (grasp, grip, pinch, and gross movement), with 16 of the 19 ARAT items measuring distal regions of the arm, making it an ideal and sensitive measure for this distally based intervention. The ARAT has high intrarater (r = .99) and retest (r = .98) reliability and validity, 23, 24 all in stroke-induced hemiparesis.
Because perfect or near-perfect performance on the ARAT does not necessarily equate to absence of impairment, 25 the upper extremity section of the Fugl-Meyer Scale (FM) 26 assessed upper extremity impairment. Data arise from a 3-point ordinal scale (0 = cannot perform; 2 = can perform fully) applied to each item, and the items are summed to provide a maximum score of 66. The FM has been shown to have impressive test-retest reliability (total = .98 to .99; subtests = .87 to 1.00), interrater reliability, and construct validity. 27, 28 Testing A single-blinded, pretest and posttest case series design was applied. This design was consistent with those of other fMRI case series' examining neural mechanisms of particular interventions. 10, 29 After screening and signing consent forms approved by the local institutional review board, the FM and ARAT were administered on 2 occasions 1 week apart (PRE-1, PRE-2).
One week after the second administrations of the FM and ARAT, each subject underwent fMRI. After explaining the procedure, subjects were scanned without sedation using a 4T Varian Unity INOVA whole-body MRI scanner (Varian, Palo Alto, CA). The fMRI evaluators (JPS, JCE, HP) were blinded to subject identity and each subject's therapy outcomes.
fMRI testing began with an initial, fast localizer scan (12 seconds), obtained to assure proper head position. Head padding specifically designed for this scanner was used to restrict head motion. Next, a 3-dimensional modified driven equilibrium Fourier transform (MDEFT) high-resolution anatomical T1-weighted scan was acquired using the following protocol: T MD = 1.1 seconds, TR/TE = 13 1/6 milliseconds, TE = 6 milliseconds, field of view (FOV) = 25.6 × 19.2 × 19.2 cm, matrix 256 × 192 × 96 pixels, resolution 1 × 1 × 2 mm, flip angle = 22°, zero-filled to 1 × 1 × 1 mm during reconstruction. Finally, using the motor task described below, we obtained a T2*-weighted spin-echo echo planar imaging (EPI) pulse sequence (TR/TE = 3000/30 milliseconds, FOV = 25.6 × 25.6 cm, matrix = 64 × 64 pixels, number of slices = 30, slice thickness = 4 mm, flip angle = 75°). The 30 contiguous fMRI slices covered from the apex of the brain to the superior portion of the cerebellum. Eaton et al 30 recently tested the repeatability and reliability of fMRI blood oxygen level dependent (BOLD) signal changes in patients with chronic stroke and found consistently highly reliable intraclass correlations of R(0.05) ∼ 0.8.
fMRI Task
While in the scanner, subjects performed a self-paced fMRI motor task lasting 4 minutes 48 seconds. This block-design task consisted of an active condition, affected wrist flexion/ extension, and a control condition where subjects were asked not to move. The task, which was consistent with other fMRI studies, 31, 32 was run twice. During each run, subjects received visual prompts every 30 seconds, either asking them to rest or to flex/extend the affected wrist, always starting with rest (with exception of the first control condition, which lasted 18 seconds [6 TRs] and allowed for T2 signal equilibration. These data were not considered in the analyses). During the control condition ("relax"), subjects were asked to hold their affected hand along the body and not to move. Subjects were asked to perform one flexion/extension movement of the wrist at the beginning of each EPI acquisition, which could be audibly detected as a brief pause in the scanning noise of the MRI machine every 3 seconds. Compliance was visually monitored during performance of the task. Movement performance was also visually monitored for the presence of mirror movements. Movement amplitude, frequency, and distance were controlled across subjects using the visual stimulus, and a brace that controlled the distance subjects were able to flex/extend.
Intervention
The principal investigator's team had identified a battery of familiar activities of daily living (ADLs) that stroke patients commonly wish to relearn. The 5 ADLs shown in Table 1 were chosen from that list for this study because (1) they had been used in previously efficacious MP work; [14] [15] [16] (2) individual movements comprising these compound skills transfer positively to performance of other ADLs that stroke patients often desire to relearn; (3) the ADLs could be graded according to subjects' abilities to be easier or more challenging, and progressed to be increasingly difficult; this was important, because the notion of challenging the patient appears to be a major factor in facilitating cortical plasticity. (4) Some authors have also contended that motor imagery practice should be restricted to tasks in which subjects had previously participated. For instance, Mulder et al 33 reported that, following MP, motor performance of a newly learned motor task did not improve as much as motor performance of a previously learned task. It is plausible that the above results may be spurious, and due to differences in terminology used in the above and other studies, 34 such as "motor tasks" and "novelty." Nonetheless, to assure that this phenomenon did not affect patients, all RTP tasks were familiar to subjects, in that all subjects had participated in the tasks prior to their strokes, and the tasks were necessary or desired for subjects' daily lives. Because the major study goals were to measure MP + RTP impact on fMRI, ARAT, and, FM scores, we did not measure ability to perform the tasks.
Subjects practiced the ADLs during 30-minute, one-on-one therapy sessions, occurring on 3 days per week for 10 weeks. The ADLs were practiced in the format and order depicted in Table 1 , with all therapy administered by a single therapist, in the same order and environment. Each ADL was practiced for 2 weeks. Emphasis for patients was on performing the above ADLs through the entire range of motion. When appropriate to the task (ie, the task was bimanual in nature), subjects were permitted to integrate the unaffected hand into the task (eg, stabilizing the paper while writing with the affected hand).
Physical practice is believed to create a motor plan or "schema" that MP then augments or emboldens. Thus, directly after their 30-minute RTP sessions, subjects received a 20-to 30-minute, recorded MP intervention, consisting of (1) 6 to 8 opening minutes of relaxation, asking patients to imagine themselves in a warm, relaxing place (eg, a beach), and asking them to contract and relax their muscles (ie, progressive relaxation);
(2) suggestions for internal, cognitive polysensory (ie, using both kinesthetic and visual cues) images 35 related to using the affected arm in one of the 5 ADLs. For example, subjects were encouraged to envision themselves seated comfortably at their table in a familiar place, to feel the temperature of the cup, and to smell the familiar odors that may be associated with the place where they were seated (eg, a kitchen). (3) The final minutes allowed patients to refocus into the room.
Posttesting
One week after the final therapy session, each subject returned to the laboratory at which pretesting occurred, and the ARAT and FM were again administered by the same examiner who administered pretests. The examiner was blinded in that he was unaware of the intervention in which subjects had participated, or even if they had participated in any intervention. fMRI was also readministered at this time, and at the same location as preintervention scanning.
fMRI Data Processing and Analysis
Images were processed, analyzed, and visualized with AFNI (Analysis of Functional NeuroImages). 36, 37 The functional runs were motion corrected to the third image of the first run using a 6-parameter rigid-body transformation with Fourier interpolation. 38 Next, following motion correction (3dvolreg in AFNI), the fMRI data were assessed by AFNI function 3dToutcount for time series outliers. Then, each image corresponding to a likely outlier was visually inspected for uncorrectable head movements or other signal artifact and censored from further analysis if significant signal abnormalities affected approximately 30% or more of voxels in the image. The MDEFT image was normalized to Talairach space using tools in AFNI. The EPI datasets were then spatially smoothed with a 6-mm full-width, half-maximum Gaussian filter, normalized by adopting the transformation for MDEFT Proper use of an eating utensil Weeks 7, 8 5
Using a hairbrush or comb Weeks 9, 10 normalization, and resampled to 3 × 3 × 3 mm. For participants with an affected left hand, fMRI involved left-hand movements and all brain images were reversed to allow group analysis of preinterventional to postinterventional changes. All changes were described in terms of right or left hemisphere. Only affected-hand movements were scanned. The 2 runs for the affected hand were concatenated and a box-car reference function was fitted to the EPI time series to assess the magnitude of the fMRI response. Additionally, the signal mean and low frequency linear, quadratic, and cubic drifts for each run were also fitted. We also included the motion correction parameters as regressors of no interest to account for signal intensity variations that might occur in images due to head motion within the scanner. After deconvolution, the activation magnitude estimates were entered as dependent measures in t tests and linear regression analyses to identify brain activation effects of interest across the group of 10 subjects and regions of preintervention to postintervention change in activation. The activation maps generated by these t tests and regressions were then thresholded at a voxel-level P ≤ .05 and a cluster threshold of 10 voxels or more. The Talairach daemon 39 was used to identify the locations of clusters exceeding these thresholds.
Results
During the pretesting phase, all subjects exhibited stable motor deficits. This was evidenced by ARAT scores that did not differ from each other between pretesting interventions .89]). Comparison of each subject's motor deficits at pretesting with those reported at therapy discharge in medical records further confirmed motor deficit stability.
After intervention, the mean ARAT score was 35.1 (mean change = +5.3), with most changes occurring on the ARAT pinch and grasp scales. Likewise, the mean FM score increased after intervention to 38.7 (mean change = +4.2), with most changes observed in distal impairment items (eg, wrist extension; pincer grasp). Clinically, subjects reported new ability to perform components of the ADLs listed in Table 1 (eg, hold and use a fork independently). These new abilities transferred to new ability to perform other valued ADLs (eg, holding and dialing a push-button telephone). However, as stated previously, the study purpose was to measure fMRI, ARAT, and FM changes in response to intervention. As such, the above data are anecdotal, as transfer to ADL was not formally measured. Future researchers are encouraged to examine this construct more fully.
Changes were also noted in the BOLD signal volume between the pre-MP and post-MP fMRI scans ( Figure 1A and  B) . Analysis of the differences between the preintervention and postintervention fMRI images revealed significant increases in BOLD signal to wrist flexion and extension of the affected hand in the premotor area and primary motor cortex ipsilaterally and contralaterally to the affected hand and superior parietal cortex ipsilateral to the affected hand ( Figure 1C , Table 2 ). Decreases in BOLD signal were noted in parietal cortex of the hemisphere ipsilateral to the affected hand. Individual time points from each person's fMRI data were edited out of the statistical deconvolution analysis (see Methods section), so residual, uncorrected head movements did not contribute to activation effects.
Discussion
Mental practice has emerged as a noninvasive RTP strategy that increases affected arm use and function, even years after stroke. The current study examined MP effects on movement in a cohort of patients exhibiting stable hemiparesis, and whether neural changes may underlie movement changes.
Consistent with 2 of our hypotheses, ARAT and FM scores increased after intervention, indicative of decreased affected limb functional limitation and impairment, respectively. These changes conveyed improved ability to perform ADLs in Table 1 , as well as valued ADLs in subjects' homes. The valence and magnitude of these motor changes were highly similar to those reported in recent MP studies using the same outcome measures. [14] [15] [16] These findings replicate the outcome of previous studies using the same MP program, and strengthen the argument for MP efficacy. Importantly, subjects were exhibiting stable motor deficits before intervention. All subjects and their caregivers also reported not engaging in any additional MP or therapies outside of study participation. Given our motor outcomes, the stroke chronicity in our sample, and the size of the motor changes in a relatively short timeframe, it is likely that motor changes were attributable to the MP + RTP intervention.
Previous MP authors [14] [15] [16] have hypothesized that repetitive affected arm use, and repeated activation of the neural networks involved in this use, 10, 11 may induce cortical changes that underlie the MP effect. However, relatively few studies have examined the neural substrates of motor recovery as facilitated by therapeutic interventions, and none had examined neural substrates of the MP treatment effect in the affected arm. To elucidate the mechanisms that underlie stroke recovery, we combined subjects into a single group. Despite the difference in lesion size, location, and degree of functional deficit, this approach has allowed us to identify sites associated with improved recovery at a group rather than individual level. As hypothesized, we found significant BOLD fMRI signal changes that coincided with the motor changes noted above. Specific regions of postintervention activation were the premotor area and primary motor cortex ipsilaterally and contralaterally to the affected hand, and superior parietal cortex ipsilateral to the affected hand. These patterns were consistent with other fMRI intervention studies in minimally impaired subjects, 40, 41 which reported treatment-induced activations within the ipsilesional primary motor cortex, dorsal premotor cortex, and supplementary motor areas. The activation areas were also consistent with our previous MP neuroimaging work, 18 which constitutes the only other MP neuroimaging study in the affected arm. However, our previous study used a much higher duration protocol than the one herein described. The notable neural and functional changes observed herein is of potential clinical significance, as it suggests that such changes can be observed without intensive practice that may be impractical in some clinics. Collectively, the fact that one can attain similar neural and functional changes as other RTP interventions, but with substantially lower treatment duration and no equipment, should be exciting news for clinicians wanting to apply RTP strategies in their environments.
Although data are encouraging, some study limitations should be noted. First, no control group was used. However, previous studies have already shown that MP + RTP conveys larger motor changes than RTP alone, 15 and, thus, the goal of this trial was to "take the next step," and understand the MP + RTP neural mechanisms. Given that this was our goal, a RTPonly group may have been less necessary, given the scope of this study. Moreover, several valid fMRI case series with the same goal as the present study have also not used a control group, 28, 29, 42 yet their data have been useful in discerning neural mechanisms. Using the same intervention as efficacious, controlled, MP trials, 15 this study offers value by explaining the mechanisms of the MP treatment effect. Although this is one of the larger fMRI-intervention studies reported, more data with a larger number of subjects would further validate findings reported here. This is a second limitation, but will be overcome in future work. Matching subjects in lesion location, impairment and other relevant variables will also be important in this future work.
Conclusion
A rehabilitative program for the affected upper extremity incorporating MP appears to improve movement via significant cortical reorganization. Moreover, the observed patterns and magnitude of both cortical reorganization and motor change were comparable to those reported after other interventions. However, unlike other strategies, MP can be administered with an amount of therapist contact conforming to current care, no special devices, and minimal cost. 
